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CHAPTER 1 
INTRODUCTION 
Each year, air pollution causes millions of dollars worth of 
damage to vegetation through decreased yields and a decline in crop 
quality (30, 32). The use of protectant chemicals and varieties with 
low susceptibility to air pollutants has been suggested as a means of 
protecting against the economic loss resulting from possible air 
pollution injury. 
There are chemical applications available which can protect 
crop plants against the effects of air-borne oxidants (9, 42), but be¬ 
cause of their high cost and need for frequent and thorough application, 
they have not been accepted among growers of field crops. A more 
reasonable means of protecting against losses is the choice of varie¬ 
ties with low susceptibilities to air pollution. 
Many population studies, field trials, and laboratory screen¬ 
ings have been conducted to characterize plant species and varieties 
according to their susceptibility to air pollution injury (6, 8, 34). 
Unfortunately, no acceptable common indices of injury have been used 
for such studies, and, as a result it is difficult, if not impossible, 
to directly compare the conclusions of different investigators (22). 
Furthermore, almost all air pollution studies have primarily relied 
on visual symptomatic expression of injury to plant tissue as an 
assessment of susceptibility, a method that has been criticized as 
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being subjective, qualitative, and lacking sensitivity (29, 38). 
A standardized screening technique for determining varietal 
susceptibility to air pollution is needed. Such a technique should 
be rapid and economical (22) as well as objective and quantitative. 
The measurement of ethylene produced by plants when subjected 
to such a stress as air pollution (stress ethylene) has been suggested 
as an alternative to visual signs in estimating air pollution injury (44). 
Since seedlings produce ethylene, they may be used as test plant ma¬ 
terials. Preliminary studies have shown that seedlings may be grown 
in test tubes; a simple system which allows plants to be grown ex¬ 
posed to pollutants and the gases produced by the seedlings collected 
and measured with a minimum of handling (21). Such a system requires 
little space and maintenance for seedling growth, thus the time and 
cost of preparing plant materials for screening is minimal. 
Plants begin to produce ethylene immediately upon stress (2), 
therefore measurements of ethylene production may be made rapidly 
following exposure to a pollutant. Samples of gas produced by plants 
following exposure to air pollution may be assayed for ethylene content 
using gas chromatography. Thus, stress ethylene can be used as an 
index of air pollution injury which is objective as well as quantita¬ 
tive. Therefore, it appears that stress ethylene, as a means of es¬ 
timating air pollution injury is capable of meeting the criteria for 
a screening technique. 
This study was undertaken to determine if there are differences 
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among varieties in the amount of ethylene produced in response to air 
pollution stress, and if differences may be interpreted as indicative 
of plant susceptibility to air pollution. 
CHAPTER 2 
LITERATURE REVIEW 
Ozone injury to plants is primarily recognized by the appear¬ 
ance of characteristic signs: mottling, stippling, and bleaching 
on the upper leaf surface (30, 27). Metabolic changes -- increased 
respiration and transpiration rates, decreased photosynthetic rate, 
and alterations in metabolic concentrations are also associated with 
ozone injury (13, 17, 39, 47). 
Ozone injury in the field, identified by the appearance of 
visible signs, demonstrates that normal genetic variation has produced 
species and varieties with differing susceptibility to ozone (4, 5). 
Based on this knowledge, many investigators have evaluated varieties 
of horticultural and agronomic species according to the severity of 
visual injury following exposure to ozone. However, the results of 
these studies have often been confusing: where some of these species 
have been studied at more than one laboratory, the conclusions have 
often been contradictory. For instance, Clayberg (10) working with a 
number of accessions, breeding lines, and cultivars of tomato, rated 
PI203229, PI247089, PI304234, and PI309915 as susceptible to ozone. 
Gentile, et al. (20), rated these same breeding lines as tolerant. 
The difference in conclusions reached by these two laboratories appears 
to result from different indices used as measurements of injury. 
Clayberg's conclusions were based on the extent of injury observed 
on the first two true leaves; whereas, Gentile, et al. rated plants 
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by the number of injured leaflets and the severity of leaf tissue 
injury on plants at the six leaf stage and at maturity. Similar con¬ 
tradictions are found in soybean studies. Miller, et al. (35) found 
no difference in the susceptibility of Dare and York varieties when 
basing their decision on trifoliate and primary leaf foliar injury. 
Howell and Kremer (26), however, listed Dare as more susceptible to 
ozone when using soybean cotyledon injury as a screening technique 
for varietal susceptibility. 
In most cases (15, 16, 31, 45), evaluation of ozone injury 
has been based on a visual estimate of the percentage of the leaf 
area displaying injury signs. Such an estimate is qualitative because 
it only describes the extent of injury. Knudsen, et al. (29) point 
out that this method contains inherent observer bias as well, since the 
assessment of injury will vary from person to person. They attribute 
this subjectivity to the lack of accepted standards for visual injury 
evaluation. In an attempt to overcome these limitations, Knudsen, et 
al. have suggested measurement of chlorophyll concentration as a method 
to achieve quantification and objectivity in assessing injury. 
Runeckles and Resh (38) contend that visual signs and 
chlorophyll content are adequate means of assessing acute injury but 
lack sufficient sensitivity to detect chronic injury such as general 
chlorosis or the death of individual cells and small groups of cells, 
caused by repeated exposure to sub-acute doses of ozone. They have 
suggested the use of measurements of spectral reflectance of the 
adaxial leaf surface to assess injury. In suggesting such a method. 
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Runeckles and Resh (38) assumed that ozone injury is confined to the 
palisade mesophyll. However, the histological studies by Pell and 
Weissberger (37), which show ozone injury to both palisade spongy 
parenchyma cells of the mesophyll suggest that reflectance photometry 
is a questionable technique for measuring ozone injury. 
Heagle, et al. (23) have recently used changes in dry matter 
as a method of evaluating varietal susceptibility to chronic doses 
of ozone among winter wheat varieties. They have found that this 
measure clearly reflects the effect of ozone on yield, particularly 
since the decrease in dry matter was caused primarily by decreased 
seed number and decreased weight per seed. As a screening technique 
for varietal sensitivity, this method is neither rapid nor economical, 
since it requires that plants be grown to maturity. 
Ethylene is a gas normally produced by plants at low concentra¬ 
tions as a regulator of growth and development (2). Increases in 
ethylene production are observed when plants are subjected to stress 
caused by disease infestations (36), chemicals (50), drought (18), irra¬ 
diation (33), or mechanical wounding (40). The amount of ethylene 
produced has been found to be related to the stress exerted (33). 
Craker (12), working with tobacco, tomato, and bean, was the first 
to demonstrate that exposure to ozone caused increased levels of ethy¬ 
lene evolution. This was confirmed by Abeles and Abeles (1). Tingey 
et al. also correlated varietal differences in ozone susceptibility 
to differences in stress ethylene response among a number of species 
(45) exposed to ozone. Later, Tingey demonstrated similar stress 
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ethylene responses in plants exposed to the air pollutant chlorine (44) 
Thus Tingey has suggested that stress ethylene be used as an assess¬ 
ment of air pollution injury (45). 
In a recent publication, Adepipe and Tingey (3) contend that 
stress ethylene may not be sensitive enough to detect differences in 
ozone sensitivity between cultivars, since in their work with three 
cowpea varieties they found no appreciable difference in the amount of 
stress ethylene accumulation among the cultivars. However, since no 
consistent pattern of visual injury occurred among two of the cultivars 
they were unable to compare the visual response curves with the ethy¬ 
lene response. Thus they have not proven that stress ethylene is any 
. less sensitive a means of assessing varietal susceptibility to ozone 
injury. 
CHAPTER 3 
MATERIALS AND METHODS 
Plant Materials 
Seedlings of hard red wheat, Triticum aestivum, L., were used 
in these experiments. Seedlings were grown from seed samples solicited 
from agronomists at the land-grant institutions in Kansas, Montana, 
North Dakota, and South Dakota and were representative of varieties 
grown commercially in the United States. A total of 36 seed samples, 
representing 26 varieties, were used to grow seedlings (Table 1). 
For use in these studies, seedlings were grown in either test 
. tubes or pots. In the experimental procedure in which ethylene was 
used as an indicator of plant sensitivity to ozone, the seedlings were 
grown in 23 ml test tubes containing 3 ml of growth medium (1% agar 
and half strength Hoagland's solution (25) (Figure 1). Test tubes, 
containing growth medium were stoppered with cotton and autoclaved 
at 15 psi for 15 minutes. Subsequently, cold stratified seeds, (held 
for 5 days at 7°C in moist paper towels (11) and surface rinsed with 
a Captan solution, (1 Tbsp/gal distilled H2O) were seeded on the surface 
of the sterilized growth medium, one per test tube. The test tubes, 
containing the seeds were randomly arranged in a controlled environ¬ 
mental chamber with a day-night temperature of 18°C and a 16 hr light 
period for germination, growth and development of the wheat seedling (28). 
Seedlings used to assess plant sensitivity to ozone through 
8 
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TABLE 1 
SOURCES OF WHEAT SEED SAMPLES 
Seed Sources Variety 
H. G. Heyne Centurk 
Dept, of Agronomy Eagle 
Kansas State University Newton 
Manhattan, Kansas Parker 76 
Triumph 
Lee Hart Fortuna 1^ 
Dept, of Plants and Soils Lew 
Montana State University Newana I 
Bozeman, Montana Olaf I 
Prodax II 
Olaf II2 
Newana 11^ 
David C. Ebeltoft Butte I 
Dept, of Agronomy Coteau I 
North Dakota State University Era I 
Fargo, North Dakota Prodax I 
Waldron I 
Donald Keim Angus 
Plant Science Dept. Bounty 309 
South Dakota State University Butte II 
Brookings, South Dakota Chris 
Coteau II 
Ellar 
Era II 
Eureka 
Fortuna II 
Funk W444 
James 
Kitt 
Olaf III 
Profit 75 
Protor 
Solar 
Waldron II 
WS 25 
WS 1809 
^Roman numerals I, II, III were used to designate different 
seed sources of the same variety. 
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TABLE 1 Continued 
2 
Olaf II seed was received from Sunburst Seeds, Sunburst, 
Montana and Newana II seed was received from Western Seed and Supply 
Company, Charlo, Montana as referred to by Lee Hart. 
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Figure 1. Growth, Treatment and Test Procedure with Wheat Seedlings 
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12 
visual leaf injury and leaf chlorophyll loss were grown by planting 
6 cold-stratified seeds in 7.62 cm pots filled with a greenhouse soil 
mixture. Pots were randomly arranged on a bench in the greenhouse 
(minimum temperature of 10°C). Seedlings were thinned to 4 plants per 
pot after germination and allowed to grow to the three leaf stage 
(2-2% weeks after planting) (41) before use in experiments. 
Ozone Treatment 
Seedlings were exposed to ozone by placing either the test 
tubes or pots containing plants in a Plexiglas ozone treatment 
chamber (Figure 2). Prior to treatment with ozone, cotton stoppers 
were removed from the test tubes containing seedlings, and the potted 
plants were well watered. This assured that the ozone was able to 
reach the seedlings in the test tubes, and that the stomates of the 
potted plants would be open. Ozone, generated by pumping air through 
a series of 3 ozone generators (7 liter pressure cookers, modified to 
allow air passage and containing 4 Sylvania Germicide lamp type b 
ultraviolet bulbs) (14, 19) was introduced into the treatment chamber 
as necessary to maintain a constant ozone concentration monitored 
by a Mast oxidant meter (48). Temperature in the treatment chamber 
ranged from 22-29°C during treatment. For each ozone treatment, 
there were untreated samples corresponding in age, and variety which 
served as controls. Seedlings in test tubes were exposed to ozone for 
2 hr, seedlings in pots were exposed to ozone for 6 hr. 
Figure 2. Ozone Treatment Chamber 
v 
OZONE GENERATORS 
✓ 
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Ethylene Collection and Measurement 
Immediately following treatment, each test tube containing 
a wheat seedling was capped with a gas tight rubber serum cap to 
collect gases evolved by the seedlings. After a collection period 
(determined by experimentation) gas samples were removed from each 
test tube by inserting the needle of a syringe through the serum cap 
and withdrawing a 2 ml gas sample (Figure 1). Ethylene in the gas 
samples was identified and measured quantitatively with gas chroma¬ 
tography (2). Subsequently, the seedling was cut at the agar level 
and the top of the seedling was weighed. Ethylene production was 
expressed as nl/g fresh weight. 
Seedling Age 
To determine if seedling age affected plant sensitivity to 
ozone as indicated by ethylene production, 2 varieties, 01af and 
Newana, were planted on consecutive days in test tubes. The growing 
seedlings were watered with 0.5 ml of half-strength Hoagland's solu¬ 
tion a 5, 10, and 15 days after seeding to maintain growth and water 
potential within the seedling. When the ages of the seedlings ranged 
from 3 to 16 days (measured from seeding), the test tubes containing 
the various aged seedlings were removed from the controlled environment 
chamber and treated with 0.35 ul/1 0^. Ethylene produced by seedlings 
was collected for 2 hr. and measured. 
There were 3 replicates with 4 samples per replicate. Differences 
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in amounts of ethylene produced by treated and control seedlings, dif¬ 
ferences between varieties, and differences among seedling aces were 
tested for significance by analysis of variance. Comparisons of the 
means of ethylene production among seedling ages were tested for sig¬ 
nificance using Duncan's Multiple Range Test. 
Collection Period 
Based on results of seedling age studies, 6 day old seedlings 
were selected for studies of the ethylene collection period. 01 af 
and Newana seedlings were grown and treated with 0.35 u/1 ozone as 
previously described. Gases evolved from both ozone-treated and con¬ 
trol seedlings were collected for 1, 2, 4, or 8 hr within the test 
tubes. Ethylene was analyzed as previously described. 
This was replicated 3 times, with 5 samples per replicate. 
Differences in the amounts of ethylene produced by treated and control 
seedlings, differences between varieties, and differences a~ong col¬ 
lection periods were tested for significance by analysis of variance. 
Relationship of Ethylene Production to Ozone Concentration 
The effect of increased concentrations of ozone on ethylene 
production was determined by exposing 6 day old seedlings c* 01 af and 
Newana wheat varieties to 0.1, 0.2, and 0.4 ul/1 ozone. Ethylene 
produced by seedlings following treatment was measured as previously 
described, using a 2 hr collection period. 
Since only one ozone treatment chamber was availafc'e, it was 
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impossible to treat seedlings with different 0^ concentrations during 
the same time period; thus, the order of the treatment concentrations 
was randomly selected for each replicate. This was replicated 4 times 
with 5 samples per replicate. Differences in the amount of ethylene 
produced between varieties and differences among ozone concentrations 
was tested for significance using an analysis of variance. Regression 
analysis was used to test the relationship between ethylene production 
and ozone concentration. 
Varietal Sensitivity 
Seedlings grown from all 36 seed samples were tested for sen¬ 
sitivity to ozone using ethylene production, visual expression of in¬ 
jury symptoms, and leaf chlorophyll content as indicators of sensitivity. 
In using ethylene production as an indicator of ozone sensi¬ 
tivity among the wheat samples, 6 day old seedlings were grown in test 
tubes and exposed to 0.35 ul/1 0^. Ethylene was assayed after a 2 hr 
collection period. This was replicated 4 times with 5 samples per 
replicate. Differences in ethylene production between treated and 
non-treated seedlings within each variety were tested for significance 
using an analysis of variance. Varieties were ranked from low to high 
sensitivity to ozone treatment by the difference in ethylene production 
between treated and non-treated seedlings. 
Seedlings used in assessing sensitivity to ozone treatment by 
visual symptoms of injury and by chlorophyll content were grown in 
pots. At the 3-leaf stage, the plants were treated with 0.35 ul/1 0^. 
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Plants were returned to the greenhouse, and after 72 hr, the injury 
on each leaf was scored by a visual estimate, in 5% increments, of the 
leaf area displaying injury symptoms, and on a scale of 0-4, where 0 
represents no visible signs of injury, and 4 represents injury symptoms 
on greater than 80% of the leaf area. 
After visual injury was assessed, the 2 most severely damaged 
leaves on each plant were excised, weighed, and placed in a test tube; 
similarly, the two corresponding leaves of controls were excised, 
weighed, and put in a test tube. Chlorophyll was extracted by 80% 
acetone (48) added to the leaf tissue in each test tube, capping the 
test tube, and incubating in the dark. Absorbance of the chlorphyll 
extract at 665 nm was measured spectrophotometrically and the chlor¬ 
ophyll content was expressed as Absorbance/g fresh weight. 
This was replicated 3 times, with 4 plants per replicate. 
Differences in sensitivity among varieties and replicates and differ¬ 
ences between treated and controls within varieties were tested for 
significance using an analysis of variance when using leaf chlorophyll 
content as an indicator of ozone sensitivity. In using visual assess¬ 
ment of injury as an indicator of sensitivity to ozone, analysis of 
variance was used to test the significance of differences among varie¬ 
ties and among replicates for both methods of estimating injury. 
CHAPTER 4 
RESULTS 
The amount of ethylene produced by six day old wheat seedlings 
is summarized in Table 2. Six day old seedlings of both Newana and 
Olaf varieties produced significantly greater amounts of ethylene when 
treated with 0.35 ul/1 Ozone for 2 hours than did non-treated controls. 
There were no differences in ethylene production between the two varie¬ 
ties. 
Seedling Age 
The effect of seedling age on ethylene production by the wheat 
varieties, Olaf and Newana, is shown in Figure 3 and Figure 4. At 
all seedling ages, ethylene production was higher in seedlings treated 
with 0.35 ul/1 Ozone than in control seedlings not exposed to ozone. 
Seedlings at 3 and 4 days following seeding produced the greatest 
amounts of ethylene, and the amount of ethylene produced at these two 
ages was significantly higher than ethylene produced at all other ages. 
There were no significant differences in the amount of ethylene pro¬ 
duced among seedlings from 5-16 days after planting, nor were there 
differences in the responses of the two varieties at different ages. 
Collection Period 
Ethylene accumulation in the test tubes is demonstrated in 
18 
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TABLE 2 
PRODUCTION OF ETHYLENE BY WHEAT SEEDLINGS 
Treatment Ethylene Produced^ 
(nl/g Fwt) 
01 af Newana 
control 
ozone 
(0.35 ul/1 - 2 hr) 
1.6796 
2.7759 
- 0.1653 
i 0.3249 
1.9380 - 0.2242 
3.3592 + 0.3876 
^Each value represents the mean of 3 replicates - standard 
error. 
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Figure 3. Influence of Seedling Age on Ethylene Production by the 
Variety Olaf 
SEEDLING AGE (days from seeding) 
Each point represents mean - se of 3 replicates 
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Figure 4. Influence of Seedling Age on Ethylene Production by the 
Variety Newana 
3 4 5 6 7 8 9 10 II 12 13 14 15 16 
SEEDLING AGE (days from seeding) 
Each point represents the mean - se of 3 replicates 
22 
Figures 5 and 6. Accumulation occurred in test tubes containing both 
treated seedlings and control seedlings. After one hour of accumula¬ 
tion, there were no differences in the amounts accumulated in test 
tubes containing either treated or control seedlings. After two hours 
of accumulation, the amount of ethylene which had accumulated in the 
test tubes containing treated seedlings was significantly greater than 
in those containing controls. The rate of accumulation from 2 to 8 
hours, as illustrated in Figure 7, was the same in test tubes containing 
both treated and control seedlings. 
Relationship of Ethylene Production to Ozone Concentration 
Ethylene production by seedlings increased when the seedlings 
were treated with increased ozone concentrations (Figure 8). Throughout 
the concentration range tested (0 to 0.4 ul/ 1 0^), the production of 
ethylene was directly related to ozone concentration. 
Varietal Sensitivity 
There were significant differences in ethylene production among 
the 36 wheat varieties tested (Table 3). In all but 4 of the varie¬ 
ties, seedlings treated with 0.35 ul/I Ozone for 2 hours produced 
ethylene in amounts greater than those produced by controls. The 
differences in stress ethylene response among the varieties ranged from 
0.80 nl/g Fwt to 2.84 nl/g Fwt. The highest amount of ethylene produced 
was four times the lowest significant amount produced. 
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Figure 5. Time Course of Ethylene Production by the Variety Olaf 
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Figure 6. Time Course of Ethylene Production by the Variety Newana 
ETHYLENE COLLECTION PERIOD (hours) 
Each point represents the mean - se of 3 replicates 
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Figure 7. Time Course of Ethylene Production, 2-4 hr Following 
Treatment 
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Figure 8. The Effect of Ozone Concentration on Ethylene Production 
by Wheat Seedlings 
OZONE CONCENTRATION (ul/l ‘2hr) 
Each point represents the mean - se of 4 replicates 
TABLE 3 
SENSITIVITY OF WHEAT VARIETIES AS INDICATED BY DIFFERENCES 
IN ETHYLENE PRODUCTION BETWEEN CONTROL AND TREATED SEEDLINGS 
Variety Stress Ethylene Pn 
(nl/g Fwt - 2 
Waldron II 0.3704 
2 
a 
Coteau II 0.4321 a 
Coteau I 0.5627 b 
Olaf III 0.6428 cd 
Butte I 0.6995 d 
Olaf II 0.7261 d 
Prodax II 0.7347 d 
Olaf I 0.7374 d 
Fortuna I 0.8218 ef 
Newana II 0.8560 fg 
Ellar 0.8853 fgh 
Newana I 0.8983 gh 
Eureka 0.9546 hi 
Butte II 0.9910 ij 
WS 25 1.0434 jk 
Chris 1.0503 jk 
Waldron I 1.1060 kl 
Solar 1.1260 1 
Parker 76 1.1564 1 
Triumph 1.1617 1 
Kitt 1.2500 mn 
Prodax I 1.2540 n 
Protor 1.2915 mo 
Profit 75 1.3576 mo 
Bounty 309 1.3651 0 
Eagle 1.3861 0 
Centurk 1.4149 0 
Era I 1.5148 P 
Fortuna II 1.5505 pq 
Newton 1.5590 pq 
WS 1809 1.6263 qr 
Angus 1.6933 r 
Lew 1.8803 St 
Era II 1.9221 t 
James 2.0847 u 
Funk W444 2.8404 V 
1 
Each value represents the mean of 4 replicates. 
Tlean separation within varieties by Duncan's new multiple 
range test, 5% level. 
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TABLE 4 
SENSITIVITY OF WHEAT VARIETIES AS INDICATED BY THE AMOUNT 
OF VISIBLE LEAF INJURY 
Variety Leaf Injury 
(estimated in 5% inci 
Butte II 4.5833 a2 
Butte I 5.0000 a 
Triumph 5.2008 a 
Solar 5.2778 a 
Era I 8.0555 ab 
Olaf II 8.2878 ab 
01 af III 8.3737 ab 
Lew 10.2540 ab 
Olaf I 10.4167 ab 
Bounty 309 10.8333 abc 
Era II 10.9494 abc 
Angus 11.0281 abc 
WS 1809 12.4034 abc 
Chris 12.4400 abc 
Centurk 12.6161 abc 
Kitt 12.7778 abc 
Newana II 13.8516 abc 
Coteau I 14.9767 abc 
Newana I 15.1667 abc 
Waldron I 15.2778 abc 
Eureka 16.8585 abed 
Eagle 17.5277 abed 
Coteau II 18.1163 abede 
Profit 75 18.5666 abede 
Waldron II 19.6223 abede 
Parker 76 20.6464 bede 
Protor 21.4053 bedef 
Newton 21.4607 bedef 
Ellar 22.1196 bedef 
WS 25 22.3611 bedef 
Prodax II 26.0407 edefg 
James 30.6380 defg 
Prodax I 31.1561 defg 
Funk W444 32.7141 efg 
Fortuna II 35.4949 fg 
Fortuna I 39.4444 g 
^Each value represents the mean of 3 replicates. 
^Mean separation within varieties by Duncan's new multiple 
range test, 5% level. 
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No visual signs of injury appeared on the leaf tissue of 
plants exposed to 0.35 ul/1 Ozone for 2 hr. Treatment with the 
0.35 ul/1 Ozone for 6 hours produced visual symptoms of injury. 
These visual symptoms appeared on the surface of the plant leaf 
As white necrotic spots. The first and second leaves were the most 
severely injured. The third and most recently emerged leaf showed 
little or no visible injury. Plants were scored for sensitivity to 
ozone by estimating the proportion of leaf area showing visible signs 
of injury in 5% increments or by a scale of 0 to 4 and ranked by the 
severity of injury (see Table 5 and Table 6). Using both methods of 
assessing injury significant differences in the sensitivity of varie¬ 
ties to ozone were detected. 
When chlorophyll loss was used as a method of assessing in¬ 
jury, differences in the response of varieties to ozone were also 
detected (see Table 7). There was no loss of chlorophyll among 16 of 
the varieties treated with ozone. Of the 20 varieties which did 
respond to ozone treatment, chlorophyll loss ranged from 0.76/g Fwt 
to 1.66/g Fwt. The greatest chlorophyll loss was twice the lowest 
significant value for chlorophyll loss. 
Comparison of Rankings 
When the rankings of varieties using the different methods of 
assessing injury were compared (Table 8), it was found that there 
was no correlation between the ranking by ethylene and either estimates 
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TABLE 5 
SENSITIVITY OF WHEAT VARIETIES AS INDICATED BY THE AMOUNT 
OF VISIBLE LEAF INJURY 
Variety Leaf Injury^ 
(rated by scale of 0 • 
Butte II 0.4722 
Butte I 0.4722 a 
Triumph 0.5273 ab 
Solar 0.6039 abc 
Era I 0.7203 abed 
Angus 0.7500 abed 
01 af I 0.7712 abed 
Olaf II 0.7780 abed 
Olaf III 0.7768 abed 
WS 1809 0.8078 abed 
Bounty 309 0.8333 abed 
Centurk 0.8574 abed 
Lew 0.8611 abed 
Era II 0.8723 abed 
Kitt 0.8724 abed 
Chris 0.8860 abed 
Newana III 0.9188 abed 
Coteau I 0.9775 abed 
Waldron I 1.0000 abede 
Eagle 1.0712 abedef 
Newana I 1.0833 abedefg 
Eureka 1.0794 abedefg 
Ellar 1.1424 bcdefgh 
Waldron II 1.1455 bcdefgh 
Coteau II 1.1576 bcdefgh 
Profit 75 1.1667 bcdefgh 
Newton 1.1944 cdefgh 
Protor 1.2147 cdefgh 
Parker 76 1.2314 cdefgh 
WS 25 1.3724 defghi 
Prodax II 1.5779 efghij 
Funk W4444 1.6944 fghij 
James 1.7125 ghij 
Prodax I 1.7597 hi j 
Fortuna II 1.8575 ij 
Fortuna I 2.0833 j 
^Each value represents the mean of 3 replicates. 
2 
Mean separation within varieties by Duncan's new multiple range 
test, 5% level. 
TABLE 6 
SENSITIVITY OF WHEAT VARIETIES AS INDICATED BY LOSS OF 
LEAF CHLOROPHYLL 
Variety Leaf Injury^ 
(chlorophyll loss) 
Triumph -0.6203 
<L 
a 
Era II 0.0611 abc 
Lew 0.1037 abed 
Newton 0.1195 abed 
Butte I 0.3184 bede 
Newana I 0.3441 bedef 
Olaf I 0.3719 bedef 
WS 25 0.4541 bedefg 
Bounty 309 0.4623 bedefg 
Angus 0.4966 bedefg 
Olaf III 0.5801 bcdefgh 
Chris 0.6180 bcdefgh 
Waldron I 0.6610 bcdefgh 
Coteau II 0.7232 bcdefgh 
Ellar 0.7596 bedefghi 
Eagle 0.7601 bedefghi 
Newana II 0.7864 bedefghi 
WS 1809 0.8063 bedefghi 
James 0.8122 bedefghi 
Butte II 0.8164 bedefghi 
Protor 0.8425 bedefghi 
Funk W444 0.8608 bedefghi 
Profit 75 0.8762 bedefghi 
Fortuna I 0.9087 bedefghi 
Ki tt 0.9567 bedefghi 
Solar 0.9705 edefghi 
Parker 76 1.0104 defghi 
Prodax II 1.0161 defghi 
Olaf II 1.0331 defghi 
Prodax I 1.0767 efghi 
Fortuna II 1.2622 fghi 
Eureka 1.2705 fghi 
Waldron II 1.3553 ghi 
Coteau I 1.4338 hi 
Centurk 1.4423 hi 
Era I 1.6629 i 
^Each value represents the mean of 3 replicates. 
2 
Mean separation within varieties by Duncan's new multi pi 
range test, 5% level. 
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of visible signs of injury or chlorophyll loss. The correlation of 
ranking by both methods of estimating visible signs of injury and 
chlorophyll loss was significant at the 80% level. 
CHAPTER 5 
DISCUSSION 
Development of Procedure 
The results of this study demonstrated that ethylene production 
increased when wheat seedlings were exposed to the air pollutant ozone. 
This response is similar to that reported in studies where ozone (12, 46), 
sulfur dioxide (7), and chlorine (44) have been used to induce in¬ 
creased ethylene production in a number of species, except in this 
instance, young seedlings have been used as the test plant material. 
The ethylene produced by ozone-treated seedlings appeared to 
be related to the extent of the stress exerted on the plant tissue by 
ozone, since the increase in ethylene production increased in relation 
to the concentration of ozone inducing the response. This relationship 
between ethylene production and ozone concentration is consistent with 
the results reported by other investigators where increased exposure 
increased ethylene production (12, 44, 46). Based on this relationship, 
it appears that the magnitude of the increase in ethylene produced for 
a given increase in ozone concentration may be used as a measure of 
the response of plant tissue to ozone, and as a method of comparing the 
responses of varieties to ozone. Although Tingey et al. have used 
the increase in ethylene production as a means of comparing the sensi¬ 
tivity of species to ozone (46), no one has yet used it successfully 
to distinguish differences in varietal sensitivity (3). One of the 
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goals of this research was to investigate in greater detail the possi¬ 
bility of using this increase in ethylene as a method of distinguishing 
i 
varietal sensitivity. In order to do this, a procedure was developed 
to screen varieties of wheat for ozone sensitivity using the ethylene 
response as an indicator of ozone effect. 
The first step in developing the test procedure was to choose 
a seedling age at which the test would be performed. The constancy of 
ethylene production by wheat seedlings ranging in age from 5 to 16 
days from seedling, suggested that any seedling age within this range 
could be used in screening for varietal sensitivity to ozone. However, 
there were limitations created by the size of the test tube. By the 
emergence of the second leaf (at 8 days), the seedling had grown so that 
the leaf contacted the sides of the test tube and the cotton stopper, 
and often was injured when the serum cap was placed on the test tube 
to collect ethylene. Since increased ethylene is associated with growing 
stresses (2) and with physical wounding of plant tissue (40), the 
production of physically induced stress ethylene could interfere with 
the test results. To avoid problems in interpreting the cause of stress 
ethylene production in screening for varietal sensitivity, it was de¬ 
cided that a seedling age less than 8 days after seeding should be used 
in the procedure. 
The high amount of ethylene produced by both ozone-treated and 
control seedlings at 3 and 4 days after seeding was associated with the 
wheat coleoptile. After the leaf blade emerged from the coleoptile, 
ethylene production remained constant over the range of seedling ages 
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tested. To insure that all seedlings had reached the stage of develop¬ 
ment where ethylene production was produced at a constant level, it 
appeared that a seedling age greater than 5 days from seeding should 
be used in the screening procedure. 
The second step in developing the test procedure was to deter¬ 
mine the optimum time period for collecting the ethylene produced by 
the seedlings in response to ozone treatment. It was demonstrated by 
this study that, in wheat seedlings, ethylene induced by ozone occurred 
as a burst of production between 1 and 2 hr following treatment. 
This finding was consistent with Saltveit and Dilley's (40) character¬ 
ization of the ethylene response to physical wounding as a rapidly 
induced, transitory period of synthesis occurring after a lag time 
characteristic of each plant species. 
In using ethylene production as a measure of varietal sensiti¬ 
vity to ozone, care must be taken to insure that the ethylene produced 
during this burst of synthesis is measured. Thus it was decided that 
a collection period of 2 hr was sufficient and could be used in the 
screening procedure for the sensitivity of wheat varieties. However, 
any collection period of duration 2 to 8 hr following treatment would 
also be adequate since the magnitude of the difference in ethylene 
production between treated and control seedlings remained constant 
during this time period. 
Based on the results and considerations discussed here, the 
procedure used in screening wheat varieties for ozone sensitivity con¬ 
sisted of: (1) growing a wheat seedling in a test tube to 6 days of 
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age from seeding; (2) exposing the seedling to 0.35 ul/1 0^ for 2 hr; 
(3) allowing the ethylene evolved by the seedling to collect in the 
test tube for 2 hr after treatment; (4) measuring the ethylene produced. 
Varietal Sensitivity 
Using the procedure developed in this study, varieties of wheat 
were screened for ozone sensitivity. All but 4 of the varieties tested 
responded to a treatment of 0.35 ul/1 0^ for 2 hr with an increase in 
ethylene production. This increased ethylene response implied that 
these varieties were affected by ozone treatment. The range of ethy¬ 
lene response among varieties, from 0.70 to 2.80 nl/g fwt, demonstrated 
that there were considerable differences in the response to ozone among 
these varieties and suggested that the ethylene response could be 
used in comparing varietal sensitivity. 
The same ozone dose which elicited an ethylene response among 
the wheat varieties tested, failed to produce signs of visible injury 
on the leaves of plants grown in either test tubes or pots. Tingey 
et al., in their work with ozone-induced ethylene production (46), 
also noted significant increases in ethylene production at ozone levels 
which produced no visible injury. These findings suggest that ethy¬ 
lene productinon may be a more sensitive indicator of plant response 
to the air pollutant ozone than visible signs of injury. 
When the ozone dosage was increased to 0.35 ul/1 for 6 hr, 
visible signs of injury were produced on the leaf surface of all wheat 
plants grown in pots. There were significant differences in the 
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severity of injury among the varieties which did suggest that the 
estimate of leaf area showing visible symptoms of injury can distinguish 
varietal differences in the response to ozone treatment. However, when 
chlorophyll was extracted from the treated plants and compared to the 
chlorophyll content of the control plants, the chlorophyll loss was 
significant in only 20 of the 36 varieties. This suggested that chloro¬ 
phyll loss can distinguish differences in the response of varieties 
to ozone, but that it was not as sensitive an indicator of plant re¬ 
sponse to ozone treatment as ethylene production. 
When varieties were ranked by their response to ozone as meas¬ 
ured by these different methods, and the rankings were compared, there 
was a significant correlation between the rankings of varieties by 
the two methods of visually estimating injury, but there was no signi¬ 
ficant correlation among the other methods employed. Thus this study 
demonstrated that the relative sensitivity of the wheat varieties 
varied depending on the response selected as a measure of sensitivity. 
The same wheat plants were used in ranking varieties for ozone 
sensitivity using visual estimates of injury and chlorophyll loss as 
indicators of sensitivity. The lack of a significant correlation be¬ 
tween these two ranking methods suggested that there were changes re¬ 
sulting from ozone treatment which was not apparent to the eye among 
some of the varieties. Since visual estimates of injury depend on 
necrosis or chlorosis at the leaf surface, there could have been death 
of cells within the mesophyll layer of the leaf or death of individual 
cells which were not apparent on the leaf surface. These cells would 
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have been accounted for in assessing injury by chlorophyll loss. Such 
a conclusion is supported by the work of Knudsen et al. (29) who found 
that chlorophyll loss could occur without visual manifestation of 
injury at the leaf surface. 
Wheat seedlings used to assess varietal sensitivity to ozone 
were grown in a controlled environment chamber where temperature and 
photoperiodic conditions for optimal growth were carefully regulated 
and light intensity was constant. Plants used to determine varietal 
sensitivity to ozone by visual estimates of injury and by chlorophyll 
loss were grown in the greenhouse where temperature was less carefully 
regulated, where the photoperiod was determined by the season and where 
light intensity varied with weather conditions. Since temperature, 
photoperiod, and light intensity during growth can exert an effect on 
the sensitivity of plants to pollutants (24, 43) the lack of correlation 
between the rankings of varieties grown under different conditions 
suggested that these conditions may also affect the sensitivity of 
varieties within a species. 
Another point to consider in discussing the lack of correlation 
between the ranking of varieties by these methods is the nature of the 
responses which have been used in this study to measure ozone injury. 
Visual estimates of leaf injury and loss of leaf chlorophyll are 
measurements of cells which have died as a result of ozone treatment. 
In contrast, stress ethylene, actively synthesized by plant tissue, is 
a measure of the response of living cells to ozone treatment. The lack 
of correlation between the ranking of varietal sensitivity by these 
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methods may reflect the differences between initial responses and 
radical changes resulting from ozone treatment. 
Heagle et al. have found that the ranking of wheat varieties 
for ozone sensitivity varied depending on whether visual injury or 
yields were used as measures of sensitivity and concluded that foliar 
injury was not a good predictor of the relative sensitivity of varie¬ 
ties to yield loss (23). Whether or not stress ethylene production 
may be used as a better predictor of the relative sensitivity of wheat 
varieties to yield loss caused by ozone exposure than foliar injury 
has not been established by this study. Although no work has been 
done to see if there is a relationship between stress ethylene pro¬ 
duction by seedlings and yield losses by mature plants, it is of inter¬ 
est to speculate whether such a relationship might exist. 
Although stress ethylene production occurs as a transitory 
period of synthesis in response to ozone treatment, ethylene is a plant 
hormone and as such, transitory changes in the amount of ethylene pro¬ 
duced may have an effect on the hormonal balance of the plant. Such 
changes in the hormonal balance of the plant are known to trigger 
changes in the physiological processes of the plant. Over time, physio¬ 
logical changes may result in changes in the growth and development of 
the plant. It is conceivable that physiological changes brought about 
by stress ethylene production could affect the growth and development 
of the plant and affect the economic yield of the plant. Further work 
is necessary to see if the stress ethylene response to ozone is related 
to changes in plant yield before the stress ethylene response may be 
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accepted as an effective means of predicting varietal sensitivity to 
ozone. 
CHAPTER 6 
CONCLUSIONS 
The stress ethylene procedure developed in this study is 
rapid, economical, objective and quantitative, and thus meets the cri¬ 
terion of a screening technique for varietal sensitivity. This pro¬ 
cedure is rapid, using 6 day-old seedlings and a collection period of 
2 hr, studies screening varieties for ozone sensitivity can be conducted 
within one week. The short time period necessary for preparing plant 
materials for testing, and the simplicity of the system means that few 
hours and little space are required for conducting the test, thus the 
procedure is economical. The measurement of ethylene by gas chromatograph 
removed observer bias and is thus an objective measure of injury. 
Since the amount of ethylene produced by the plant tissue is a function 
of the ozone concentration, it may be considered to be a quantitative 
measure of the effect of ozone on plant tissue. 
This procedure is capable of detecting differences in the amount 
of ethylene produced in response to ozone treatment among varieties of 
wheat. Since the amount of ethylene produced does appear to be indica¬ 
tive of an effect of ozone on plant tissue, these differences can be 
interpreted as reflections of varietal sensitivity to ozone. 
This study did demonstrate that the relative sensitivity of 
wheat varieties to ozone depended on the method chosen to assess ozone 
injury. It did not identify that method which best predicts relative 
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sensitivity. It is still not known whether stress ethylene production, 
visual estimates of injury or leaf chlorophyll loss is the best in¬ 
dicator of varietal sensitivity. 
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TABLE 8 
ANALYSIS OF VARIANCE FOR SEEDLING AGES 
Source df M.S. F 
Replicate (R) 2 0.1486 10.9660 ** 
Variety (V) 1 0.0600 4.4290 n.s 
Age (A) 13 0.4344 32.0590 ** 
Treatment (T) 1 2.0241 149.3800 ** 
VA 13 0.2541 1.8750 n.s. 
VT 1 0.0617 4.5550 * 
AT 13 0.4211 3.1070 * 
VAT 13 0.0167 1.2330 n.s. 
Error 581 0.0136 
TABLE 9 
DUNCAN'S NEW MULTIPLE RANGE TEST ON SEEDLING AGE 
1% LEVEL 
Seedling Age (treated) Seedling Age (control) 
3 days a 3 days a 
4 days b 4 days b 
5 days c 5 days c 
6 days c 6 days c 
7 days c 7 days c 
8 days c 8 days c 
9 days c 9 days c 
10 days c 10 days c 
11 days c 11 days c 
12 days c 12 days c 
13 days c 13 days c 
14 days c 14 days c 
15 days c 15 days c 
16 days c 16 days c 
51 
TABLE 10 
ANALYSIS OF VARIANCE FOR COLLECTION PERIODS 
Source df M.S. F 
Replicate (R) 2 0.0140 5.7640 ★ 
Variety (V) 1 0.0254 10.4140 ★ ★ 
Hours (H) 3 0.1865 76.5450 *★ 
Treatment (T) 1 0.7739 71.3520 *★ 
VH 3 0.0165 6.7520 
VT 1 0.0256 10.5190 
HT 3 0.0375 15.3890 
VHT 3 0.0206 8.4730 ★ * 
Error 171 0.0024 
TABLE 11 
ANALYSIS OF VARIANCE FOR OZONE CONCENTRATION 
Source df 
Replicate (R) 3 
Variety (V) 1 
Concentration (C) 3 
Linear 1 
Quadratic 1 
VC 3 
VR 3 
RC 9 
Error 128 
M.S. F 
0.0306 13.3048 ** 
0.0010 0.4348 n.s. 
0.0445 19.3478 ** 
0.1143 49.6807 ** 
0.0132 5.7319 * 
0.0005 0.2174 n.s. 
0.0030 1.3043 n.s. 
0.0053 2.3043 n.s. 
0.0023 
TABLE 12 
ANALYSIS OF VARIANCE OF ETHYLENE PRODUCTION AMONG VARIETIES 
Source df M.S. F 
Replicate (R) 3 0.0201 6.8170 ** 
Variety (V) 
Treatment: V 
35 0.0257 8.7220 ** 
Era II 1 0.0967 33.7890 ** 
Olaf I 1 0.0151 5.1040 * 
Fortuna II 1 0.0633 21.4430 ** 
Eureka 1 0.0239 8.1040 ** 
Triumph 1 0.0374 12.6670 ** 
Protor 1 0.0444 15.0480 ** 
Profit 75 1 0.0511 16.3000 ** 
Prodax I 1 0.0424 14.3820 ** 
Coteau I 1 0.0085 2.8960 n.s 
Funk W444 1 0.2235 75.7340 ** 
Chris 1 0.0290 9.8370 ** 
Era I 1 0.0619 20.9870 ** 
Kitt 1 0.0433 14.6670 ** 
Newana 1 0.0203 6.8790 ** 
WS 1809 1 0.0733 24.8270 ** 
Waldron II 1 0.0037 1.2680 n.s 
Bounty 309 1 0.0503 17.0440 ** 
Parker 76 1 0.0342 11.6030 ** 
Eagle 1 0.0506 17.1330 ** 
Newana I 1 0.0224 7.5750 ** 
WS 25 1 0.0294 9.9570 ** 
Newton 1 0.0673 22.8140 ** 
Prodax II 1 0.0146 4.9390 * 
Angus 1 0.0794 26.9140 ** 
Ellar 1 0.0199 6.7590 ** 
Waldron I 1 0.0339 11.4760 ** 
Butte II 1 0.0250 8.4710 ** 
Centurk 1 0.0527 17.8530 ** 
Lew 1 0.0954 32.3340 ** 
Solar 1 0.0342 11.5950 ** 
Olaf II 1 0.0142 4.8220 * 
Coteau II 1 0.0064 2.1740 n.s 
Fortuna I 1 0.0187 6.3260 * 
Olaf III 1 0.0106 3.5850 n.s 
Butte I 1 0.0128 4.3500 * 
James 1 0.1173 39.7470 ** 
Error 1324 0.0030 
53 
TABLE 13 
ANALYSIS OF VARIANCE FOR VISUAL SIGNS OF INJURY ESTIMATED 
5% INCREMENTS 
Source df M.S. F 
Replicate (R) 2 8720.9185 37.0150 ** 
Variety (V) 35 2699.4166 11.4570 ** 
Leaves (L) 2 77935.3143 330.7850 ** 
Error 1161 235.9069 
TABLE 14 
ANALYSIS OF VARIANCE FOR VISUAL SIGNS OF INJURY RANKED ON 
SCALE OF 0 TO 4 
Source df M.S. F 
Replicate (R) 2 13.2113 30.3910 ** 
Variety (V) 35 5.3180 12.2330 ** 
Leaves (L) 2 260.6316 599.5450 ** 
Error 1176 0.4347 
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TABLE 15 
ANALYSIS OF VARIANCE FOR CHLOROPHYLL LOSS 
Source df M.S. F 
Replicate (R) 2 154.6843 178.5540 ** 
Variety (V) 35 4.0285 4.6480 ** 
Treatment: V 
Olaf I 1 0.6536 0.7540 n.s. 
01af II 1 5.4811 6.3270 * 
Olaf III 1 1.4381 1.6600 n.s. 
Ellar 1 3.4616 3.9960 * 
Newana I 1 -* 0.0106 0.8200 n.s. 
Prodax II 1 5.9252 6.8400 ** 
Bounty 309 1 1.0973 1.2670 n.s. 
Butte II 1 2.9420 3.3960 n.s. 
Butte I 1 0.6033 0.7020 n.s. 
Coteau I 1 12.3344 14.2380 ** 
Eureka 1 9.2625 10.6920 ** 
Waldron I 1 2.6217 3.0260 n.s. 
Prodax I 1 6.9593 8.0290 * 
Newana II 1 3.7107 4.2830 * 
Coteau II 1 2.3237 2.6820 n.s. 
Waldron II 1 8.6926 10.0340 ** 
Era I 1 15.0807 17.4080 ** 
Profit 75 1 4.6061 5.3170 * 
Solar 1 5.6507 6.5230 * 
Eagle 1 3.4680 4.0010 * 
Triumph 1 2.2970 2.6510 n.s. 
Newton 1 0.0843 0.0970 n.s. 
Kitt 1 6.4916 6.3390 * 
WS 1809 1 3.5457 4.0930 * 
Centurk 1 9.6195 11.1040 ** 
Lew 1 0.0554 0.0640 n.s. 
Parker 76 1 4.8353 5.5810 n.s. 
James 1 3.2805 3.7870 n.s. 
WS 25 1 1.1240 1.2970 n.s. 
Era II 1 0.0196 0.0230 n.s. 
Angus 1 1.4796 1.7080 n.s. 
Chris 1 2.1006 2.4250 n.s. 
Protor 1 4.2593 4.9170 * 
Fortuna I 1 4.9542 5.7190 * 
Funk W444 1 4.4460 5.1320 * 
Fortuna II 1 8.0515 9.2940 ** 
Error 724 0.0663 

